Digestive cysteine proteinases have been isolated from plant-parasitic nematodes as well as coleopteran and hemipteran insects. Phytocystatins, inhibitors of cysteine proteinases, are found in a number of plants where they may play a role in defense against pathogens and pests. The cDNAs of the phytocystatins from rice, oryzacystatin I (OC-I) and oryzacystatin II (OC-II), were expressed in alfalfa (Medicago sativa) plants under the control of the potato protease inhibitor II (PinII) promoter and the plants were evaluated for resistance to the root-lesion nematode (Pratylenchus penetrans). A PinII-b-glucuronidase (GUS) gene was introduced into alfalfa to determine the pattern of gene expression from this promoter. Constitutive GUS expression was observed in leaf and root vascular tissue, and in some plants, expression was observed in leaf mesophyll cells. Mechanical wounding of leaves increased GUS expression approximately twofold over 24 h. Inoculation with root-lesion nematodes resulted in localized GUS expression. Populations of root-lesion nematodes in alfalfa roots from one line containing the PinII::OC-I transgene and one line containing the PinII::OC-II transgene were reduced 29 and 32%, respectively, compared with a transgenic control line. These results suggest that oryzacystatins have the potential to confer increased resistance to the root-lesion nematode in alfalfa.
Oryzacystatin I (OC-I) and oryzacystatin II (OC-II) are cysteine proteinase inhibitors from rice in the phytocystatin family of proteinase inhibitors (2, 19) . Phytocystatins are low-molecular-weight proteins that have been isolated from a range of plants including seeds of soybean (23) , corn (1), cowpea (12) , and chestnut (27) , subepidermal cells of potato tubers (39) , and tomato leaves overexpressing the wound-induced signal molecule prosystemin (16) . OC-I and OC-II are both found in ripening rice seeds, but they share only 55% amino acid identity with each other and have distinct inhibitory activities; OC-I has greater activity against papain, whereas OC-II has greater activity against cathepsin (19) . Endogenous substrates have been identified from plants, indicating that phytocystatins have a role in regulation of proteinases during seed development and germination (3, 13) and as modulators of programmed cell death activated during pathogen attack and oxidative stress (30) . Phytocystatins may also function in protection of seeds because they are potent inhibitors of exogenous proteinases, such as the digestive enzymes of insect pests (21, 27) and fungal pathogens (26) .
Cysteine proteinase activity has been observed in the intestines of the sedentary nematodes Heterodera glycines (22) and H. schachtii (37) , and expression of cysteine proteinase inhibitors in transgenic plants has been shown to provide effective control of root-knot, cyst, and reniform nematodes. A modified rice cystatin, OC-IDD86, inhibits cysteine proteinase activity of papain (34) and the cathepsin L-like proteinase of H. glycines (36) in vitro. Cysteine proteinase activity in the intestines of H. glycines is inhibited by purified OC-IDD86 (22) and female H. schachtii feeding on plants expressing OC-IDD86 show loss of intestinal cysteine proteinase activity (37) . Constitutive expression of OC-IDD86 reduced the size of Globodera pallida females feeding on tomato roots (4, 34) , reduced the size and egg production of H. schachtii and Meloidogyne incognita females in Arabidopsis spp. (37) , reduced egg production of Meloidogyne incognita in rice (38) and size of females in tomato (4) , and reduced egg laying and size of Rotylenchus reniformis females in Arabidopsis spp. (35) .
The goal of this study was to investigate the effect of OC-I and OC-II expression in alfalfa (Medicago sativa) on the root-lesion nematode (Pratylenchus penetrans). The root-lesion nematode is a migratory endoparasite with a broad host range that can cause economic levels of damage to many crop species (11) . Surveys have determined that damaging population levels of root-lesion nematodes occur in many agricultural areas in the midwestern and eastern United States (32) . Although genetic resistance to many sedentary nematodes, such as the root-knot and cyst-forming nematodes, has been introduced into adapted plant cultivars, developing cultivars with resistance to migratory nematodes has been more difficult. Genes for anti-feedants such as proteinase inhibitors in combination with genetic resistance and/or cultural practices could reduce nematode populations and plant damage (17) . In order to minimize exposure of nontarget organisms to proteinase inhibitors, a promoter that is expressed predominantly in roots or is induced by nematode activity is desired. Several nematode-induced gene promoters have been reported (15, 24, 25) but their expression has not been tested in alfalfa. We investigated the activity of the potato protease inhibitor II (PinII) promoter (28) in alfalfa using a PinII-b-glucuronidase (GUS) transgene and tested the effect of OC-I and OC-II cDNAs under the control PinII promoter on root-lesion nematode populations in alfalfa roots.
MATERIALS AND METHODS
Binary plasmid vectors. The pGT130 plant transformation vector contains the Escherichia coli GUS uidA gene fused to the PinII gene promoter as previously described in Snyder et al. (29) . The pGV-OCI and pGV-OCII plasmids carry the rice OC-I (2) and OC-II (19) cDNAs, respectively, fused to the PinII promoter (28) . The OC-I and OC-II gene constructs were subcloned as HindIII fragments into the pGPTV-KAN binary vector (7) . All binary vectors carry the neomycin phosphotransferase II (nptII) gene fused to the nopaline synthase gene (nos) promoter for selection of transormed plant cells. Vectors were mobilized into Agrobacterium tumefaciens LBA4404 by triparental mating (8) .
Plant transformation and plant culture. Alfalfa leaf explants from a highly regenerable clone of Regen-SY (9) were cocultured with Agrobacterium tumefaciens and somatic embryos were produced essentially as described by Austin et al. (5) . After establishing plants in soil, DNA was extracted from young leaves using the Puregene Kit (Gentra Systems, Minneapolis) according to the manufacturer's instructions. Plants were tested by polymerase chain reaction (PCR) for the presence of nptII using specific primers (NPTII forward 5-GCTATGACTGGGCACAACAGAC-3 and NPTII reverse 5-CGTCAAGAAGGCGATAGAAGG-3) and subsequently for the presence of coding regions for GUS (PinII forward 5-GGCTCCTCCGTCCAATTATA-3 and GUS re- b-Glucuronidase assays. Expression patterns of the PinII-GUS transgene were assessed by infiltrating fresh tissue pieces with a 1 mg/ml solution of 5-bromo-4-chloro-3-indoyl-b-D-glucuronic acid (X-gluc) at 37°C for 15 h as described previously (31) and subsequently removing chlorophyll with 70% ethanol. Induction of the promoter by nematodes was tested by inoculating plants 1 week after transplanting with either 300 root-lesion nematodes obtained from axenic cultures on sterile corn roots (6) or with approximately 10 egg masses of the root-knot nematode (Meloidogyne hapla) extracted from carrot root galls. Nematodes suspended in water were introduced into the soil around plant roots with a 5-ml pipette. Roots were stained for GUS activity 9 days and 7 weeks after inoculation. Following X-gluc staining, roots were treated with acid fuchsin for visualization of nematodes (10) . Induction of the promoter by wounding was carried out by crushing leaflets across the midvein in three places with a pair of hemostats. For each plant, two samples of three leaflets were harvested at 0 (nonwounded), 3, 6 , and 24 h after wounding. Samples were frozen in liquid nitrogen and stored at -80°C until assayed. Leaves were ground in GUS extraction buffer (10 µl per mg of tissue) (14) and diluted 1:10 with extraction buffer. Samples of 5 µl were assayed in triplicate in extraction buffer with 5 µl of 50 mM 4-methylumbelliferyl-b-D-glucuronic acid (MUG) in 250-µl reactions. Fluorescence of the 4-methylumbelliferone (4-MU) produced was measured over 30 min at 37°C with a microplate fluorescence reader (BioTek FL600; BioTek Instruments, Winooski, VT) equipped with a 360/40 nm excitation filter and 450/50 nm detection filter. Fluorescence units of 4-MU standards in extraction buffer were used to calibrate the plate reader. Protein concenttion was determined by a protein assay (Bio-Rad Laboratories, Hercules, CA) with bovine serum albumin as the standard.
RNA extraction and reverse transcription-PCR. Total RNA was extracted from root tips (lower 2 cm) of vegetative cuttings grown in vermiculite for 2 weeks. Roots were ground in liquid nitrogen with a mortar and pestle and then extracted with 1 ml per 0.1 g of Trizol reagent (Life Technologies, Rockville, MD) as specified by the manufacturer. RNA in 50 µl of RNase-free water was treated with 1 unit of RQ1 RNase-free DNase (Promega, Madison, WI) for 1 h at 37°C according to the manufacturer's directions. RNA was purified using RNeasy columns (Qiagen, Valencia, CA) and eluted in 100 µl of RNase-free water. Reverse transcription (RT)-PCR was performed by the Access RT-PCR System (Promega) according to the manufacturer's instructions with 60 pg of RQ1-treated RNA with the primers OCI forward (5-GACGGAGGGCCGGTGCTT-3) and OCI reverse or OCII forward (5-GAGGAGGCGCAGAGCCAC-3) and OCII reverse. An annealing temperature of 55°C was used for OC-I primers and 53°C with OC-II primers. The predicted products from amplification with OC-I primers or OC-II primers were 282 and 312 bp, respectively. A 20-µl aliquot of each completed reaction was electrophoresed through 1% agarose gels in 1× TAE buffer (40 mM Tris-acetate and 1 mM EDTA), gels were stained with ethidium bromide, and bands were visualized under UV light.
Root-lesion nematode assays. Nematodes were grown in axenic culture on sterile corn roots as described previously (6) . Vegetative cuttings of transgenic alfalfa lines and nontransformed Regen-SY were planted into a mixture of heat-treated sand and soil (1:1, vol/vol) in 3.8-× 21-cm plastic cone-tainers and placed in a growth chamber at 25°C with a 16-h photoperiod, light intensity of approximately 600 µmol m -2 s -1 , and 50% relative humidity. The experiment consisted of nine plants from each line in a completely randomized design. Plants were inoculated twice, 3 and 4 weeks after planting, with 150 root-lesion nematodes per plant by introducing a suspension of nematodes into the soil around plant roots with a 5-ml pipette. Foliage was clipped at 8, 12, and 16 weeks after planting, dried at 55°C for 7 days, and weighed to determine forage yield. To determine nematode populations, roots were removed from soil 16 weeks after planting. Fibrous roots were removed from washed root systems, clipped into approximately 1-cm pieces, and placed in 25-× 100-mm glass petri dishes containing 50 ml of tap water. Plates were placed on an orbital platform at 25°C and shaken at 60 rpm. After 7 days, the water was decanted and the nematode suspension was stored at 4°C until aliquots were counted with a stereozoom dissecting microscope. Roots were dried at 55°C for 7 days and weighed. The comparison among different alfalfa lines was made by analysis of variance for a completely randomized design using the general model procedure in SAS (SAS Institute, Cary, NC). Data analysis for nematodes per gram dry root weight was performed following log 10 transformation. The least significant difference test was used for mean separation when the overall F test was significant at P < 0.05. For ease of interpretation and discussion, results for log-transformed variables were detransformed back to the original units.
RESULTS
Constitutive and wound-induced GUS expression from the PinII promoter. A total of 27 plants containing the PinII::GUS transgene (pGT130) were identified by PCR. Three distinct patterns of X-gluc staining were observed in these plants. Approximately one-third of the plants (n = 11) had GUS activity in leaf and root vascular tissue and root tips (Fig. 1A) . In eight plants GUS expression was observed in leaf mesophyll (Fig. 1B) , in leaf and root vascular tissue, and root tips. Light blue staining in a portion of the leaf in Figure 1B is due to limited infiltration of X-
The response of the PinII promoter was compared during infection by the root-lesion nematode, which causes extensive damage to root cells during migration through the root, and Meloidogyne hapla, which causes minimal tissue damage. Infection by the root-lesion nematode induced localized GUS expression in the root cortex, whereas infection by Meloidogyne hapla caused little change in GUS expression. In plants with constitutive GUS activity in root vascular tissue and root tips, GUS activity was observed 9 days postinoculation with root-lesion nematodes in individual root cortical cells (Fig. 1C) . Nematodes were observed close to GUS-positive areas after staining roots with acid fuchsin (Fig. 1C) . Seven weeks after inoculation, GUS activity in root-lesion nematode-inoculated roots was similar to that seen at 9 days after inoculation. In plants inoculated with the root-knot nematode, GUS activity was observed in vascular tissue of roots 9 days after inoculation with some staining associated with enlarged areas near the root tip, most likely the cells of developing root galls (Fig. 1D) . Seven weeks after inoculation with root-knot nematodes, GUS staining was observed in root vascular tissue with more intense staining in vascular tissue near galls and weak blue staining in cells surrounding the female nematode. Plants shown in Figure 1C and D had moderate GUS activity in root vascular tissue and root tips; blue staining was reduced by fixation and acid fuchsin staining. In three of five plants tested that had no detectable constitutive GUS expression, GUS staining was observed in root vascular tissue 7 weeks after inoculation with either root-lesion or root-knot nematodes but GUS staining was not observed near nematodes.
Wound-inducible expression of the PinII::GUS gene in leaves was evaluated with a fluorescent assay of GUS activity and histochemical staining. Two lines with no detectable GUS activity by X-gluc staining (pGT130-1 and -2), four lines with expression in leaf vascular tissues (pGT130-17, -20, -23, and -27), and three lines with expression in vascular tissue and mesophyll (pGT130-6, -11, and -19) were tested. The experiment was carried out twice with similar results. Figure 2 shows the results from one experiment. Activity in plants with only vascular activity before wounding ranged from 205 to 263 pmol 4-MU per min per mg of protein (Fig. 2B) . Activities in these plants did not change appreciably by 6 h after wounding. By 24 h after wounding, activities increased approximately 1.3-to 2.3-fold. A similar trend, a 1.1-to 2.0-fold increase over 24 h, was observed in plants with GUS activity in mesophyll and vascular tissue although GUS activities before wounding were higher in these plants (Fig. 2C) . No GUS activity was detected in line pGT130-1 or -2 at any time ( Fig. 2A) . Histochemical staining of leaves from the same lines containing the PinII::GUS transgene 24 h after wounding did not reveal any changes in the pattern of GUS expression; there was not a marked increase in staining near wounds or any other part of the leaflet compared with unwounded leaves.
Detection of transcripts in roots and leaves. Eight plants with the PinII::OC-I construct and 26 plants with the PinII::OC-II construct were identified by PCR. Detection of transgene transcripts in root tips and leaves in a subset of transformed lines was done by RT-PCR. Of the six lines tested containing the PinII::OC-I transgene, four lines (OCI-1, -3, -4 , and -5) were positive for the predicted RT-PCR product of 282 bp in leaves and root tips (Table  1 ). In line OCI-2 the transcript was detected only in leaves, and line OCI-8 was positive for the transcript in roots only. Of the 17 lines containing the PinII::OC-II transgene that were tested, three had the predicted 312-bp product in roots and leaves (OCII-7, -17, and -18), in five lines the transcript was detected only in roots, in two lines the transcript was detected in only leaves, and in seven lines the transcript was not detected (OCII-1, -12, -13, -15, -24, -26, and -27).
Resistance to the root-lesion nematode. Plants from a subset of transgenic lines were challenged with P. penetrans based on the detection of transgene transcripts. Six lines that were positive for transgene transcripts in roots (OCI-1, -3, -4, and -5; OCII-7 and -17), three lines without detectable transgene transcripts in roots (OCI-2; OCII-1 and -15), four lines containing the PinII::GUS construct (pGT130-2, -6, -11, and -27), and nontransformed control plants (Regen-SY) were tested. Total forage yield, root dry weight, and populations of nematodes in roots of these plants were compared. The experiment was carried out twice with similar results. Total forage yield and root dry weight did not differ significantly among plant lines (Table 1) . Nematode populations were similar in nontransformed Regen-SY plants and plants with the PinII::GUS construct. A significant reduction (P < 0.05) in the mean number of nematodes per gram of dry root was found in plants from one line with the PinII::OC-I construct (OCI-4) and one line with the PinII::OC-II construct (OCII-7) compared with nontransformed Regen-SY (Table 1) . Lower mean nematode populations were observed in other lines with the PinII::OC-I and PinII::OC-II constructs compared with Regen-SY but differences were not significant due to the large variation in nematode populations. Decreased populations of the root-lesion nematode were associated with the presence of the transgene transcript. Nematode populations in transgenic lines in which the transgenes were not detected in roots, OCI-2 and OCII-1 and -15, were similar to populations in Regen-SY.
DISCUSSION
Several gene promoters are responsive to root-knot and cyst nematodes (15, 24, 25) , but the response of these promoters to migratory nematodes has not been tested. The root-lesion nematode causes considerable damage to roots as it moves and feeds resulting in characteristic reddish brown necrotic lesions. A number of defense response genes are induced by the root-lesion nematode in alfalfa (6) including a proteinase inhibitor with similarity to the PinII gene (G. D. Baldridge and D. A. Samac, unpublished data). The PinII promoter was chosen to direct expression of the OC-I and OC-II cDNAs in alfalfa on the assumption that expression would be induced by activity of the root-lesion nematodes and other mechanical wounding. Confining expression to plant parts under attack would minimize exposure of nontarget organisms, should conserve metabolic energy of the plants, and minimize physiological effects of the transgenes on plant metabolism.
Analysis of alfalfa plants containing the PinII::GUS transgene showed that the expression pattern of the PinII promoter in alfalfa is distinctly different from the patterns of expression observed in potato and rice. In potato plants, constitutive expression of a PinII::GUS transgene was observed in stolons and tubers with no detectable expression in roots, stems, or leaves (18) . However, if the leaves are wounded, GUS expression may increase up to 62-fold. GUS activity occurs throughout the wounded leaf and is associated with vascular tissue in systemically induced leaves (18) . In rice plants containing a PinII::GUS transgene, GUS expression in unwounded leaf tissues is undetectable (41) . Upon wounding, GUS activity occurs throughout the wounded leaf with the most intense GUS staining occurring in the leaf vascular tissue. In the wounded leaf, GUS activity increases up to ninefold 24 h after wounding. Nonwounded roots show GUS expression in the root tip, whereas wounded roots show GUS expression in whole root tissues (41) . In contrast, alfalfa plants had constitutive expression of the PinII::GUS gene in leaves and roots (Fig. 1) . In some plants expression in leaves was limited to vascular tissue, and in other plants constitutive expression occurred in mesophyll cells. In alfalfa, wounding leaves had only a small effect on GUS expression; wounding increased GUS activity in leaves approximately twofold over 24 h and no change in the pattern of expression was observed. This indicates that in alfalfa the PinII gene promoter is not a strong wound-inducible promoter. Transcripts from the PinII::OC-I and PinII::OC-II transgenes were detected in roots and leaves of alfalfa plants by RT-PCR. However, northern blots for detection of transcripts in roots and leaves resulted in weak probe hybridization (data not shown), providing additional support for a low level of PinII promoter activity in alfalfa plants. In addition, the amounts of OC-I or OC-II protein in wounded or nonwounded alfalfa leaves were below the level of detection by protein-immunoblots (data not shown). Because immunologically detectable amounts of OC-I have been produced in transgenic plants using the Cauliflower mosaic virus (CaMV) 35S promoter (20, 21, 37, 38) , our results suggest that the low amount of inhibitor is due to weak promoter activity rather than transcript or protein instability in alfalfa. Nonetheless, recent sequencing of a genomic clone of OC-I revealed the presence of a signal peptide sequence that is not present in the cDNA clone used in this work (40) . Presence of the signal peptide might increase transcription and transcript stability in transgenic plants. Interestingly, GUS expression in root cortical cells was associated with infection by root-lesion nematodes in lines containing the PinII::GUS gene (Fig. 1C) . Localized gene expression suggests that nematode activity, probably localized tissue damage, induced transgene expression. Infection and feeding by Meloidogyne hapla occurs with minimal damage to host tissues and is reflected in the pattern of GUS expression in infected PinII::GUS plants. Constitutive GUS expression occurred in vascular tissue of uninfected plants and plants infected with Meloidogyne hapla; expression was not induced in the developing galls or in mature galls. Thus, the low activity of this promoter in roots and leaves limits its utility in alfalfa for controlling genes for broad-spectrum pest and pathogen resistance.
The digestive enzymes of the root-lesion nematode have not been characterized; however, cysteine proteinases are present in a wide variety of nematodes (33) and are likely present in P. penetrans. A significant decrease (P < 0.05) in the population of rootlesion nematodes was observed in roots of one line containing the PinII::OC-I construct with a detectable constitutive transgene transcript and one line showing constitutive expression of the PinII::OC-II transcript compared with nontransformed control plants ( Table 1) . Populations of root-lesion nematodes in OCI-4 and OCII-7 were reduced 29 to 32%, respectively, compared with populations in pGT130-12, the control line with the lowest population of root-lesion nematodes. This result suggests that the proteinase inhibitors produced constitutively by root cells had a negative effect on root-lesion nematode development. Although the PinII promoter was induced by the root-lesion nematode, induced expression of the cystatins may have minimal impact on nematode populations if the proteinase inhibitors must be ingested to have an effect. Root-lesion nematodes were observed adjacent to cortical cells with GUS activity (Fig. 1C) but did not appear to be feeding from these cells. In previous reports, expression of OC-ID86 under the control of the CaMV 35S promoter, a strong constitutive promoter, resulted in the modified cystatin accumulating up to 0.4% of the total soluble protein in Arabidopsis plants (37) . In these plants, normal development of H. schachtii and Meloidogyne incognita was prevented, the cystatin was detected in females feeding on the plants, and intestinal cysteine proteinase activity was lost (37) . Lower amounts of the cystatin also affect nematode development. In rice plants in which OC-ID86 accumulation was less than 0.2% of total soluble protein, a 55% reduction in the number of eggs produced by Meloidogyne incognita occurred (38) . In alfalfa plants, a promoter with stronger expression in root tissues would likely enhance the amount of inhibitor made and increase the level of plant resistance to the root-lesion nematode.
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